Achieving line-edge/width roughness (LER/LWR) specifications remains as one of the most significant challenges facing the commercialization of extreme ultraviolet (EUV) lithography. LER is typically viewed as a resist problem; however, recent simulation results have shown that the mask can also be a significant contributor. Problems arise from both mask absorber LER as well as mask multilayer roughness leading to random phase variations in the reflected beam and consequently speckle. Here we describe these effects in detail and explore how they will impact EUV mask requirements for the 22-nm half-pitch node and beyond. Process window analysis yields mask multilayer roughness specifications on the order of 50 pm.
INTRODUCTION
Line edge and width roughness (LER and LWR) remains the most daunting challenge facing the development of commercially viable extreme ultraviolet (EUV) photoresists. LER, however, is not exclusively a resist problem; systemlevel effects can also be important. Arguably the most significant of these system level effects for EUV is the mask [1] [2] [3] [4] . The mask can contribute to LER in two different ways with the first and most obvious source being from LER on the mask absorber pattern itself (Fig. 1) . Coupling of the mask LER to the wafer can be understood using the concept of the LER transfer function (LTF) [1] which is closely related to the optic modulation transfer function (MTF). The LTF is most conveniently determined via modeling allowing system parameters such as illumination, aberrations, and defocus to be readily incorporated. The LTF can be found from a single aerial image by using the method of a white noise LER input mask. In such a mask, the power spectral density (PSD) of the LER is white.
Absorber LER
Multilayer with replicated surface roughness Spatial Frequency (lilies per pm) Figure 2 shows an example of the modeling-based LTF measurement. Figure 2 (a) shows the white noise input mask and Fig. 2(b) shows the resulting aerial image. The mask is comprised of 22-nm lines and spaces. Note that for illustration purposes the pictures depict only a small fraction of the entire modeling mask. The actual mask covers an area of approximately 2×2 μm in order to yield adequate statistics in computing the LER. The aerial image is computed assuming an optical system with a numerical aperture (NA) of 0.32 and a partial coherence factor of 0.5. Figures 2(c) and (d) show the PSDs for the input mask LER and aerial image LER, respectively. The white structure of the input is evident and we see that the LTF has a cutoff period of approximately 40 nm. These results show that in terms of LER on the mask, we are concerned primarily with spatial periods larger than 40 nm since smaller periods will be strongly attenuated by the optical system. The second, and less obvious, source of LER comes from phase roughness in the clear areas of the mask. Because EUV masks are reflective and the wavelength is extremely short, even sub-nm levels of roughness can have significant impact on phase roughness in the reflected field. This phase roughness at the mask then couples to the intensity variations at the wafer through the concept of speckle [2, 3] . Being a coherent effect, this mask-induced speckle is highly dependent on illumination coherence and defocus. In order for the roughness on the mask to geometrically couple to phase it must be multilayer replicated roughness as depicted in Fig. 1 . Fundamentally, such roughness originates from the substrate and then propagates to the surface of the multilayer through conformal deposition of the layers. We refer to this roughness as replicated surface roughness (RSR). It is evident that the multilayer deposition process will not support conformal growth at all frequencies and in practice it becomes a lowpass filtering process with the characteristics of the filtering depending on the details of the deposition method.
40-nm period
For RSR, the resulting phase roughness can readily be found geometrically as
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To model such a mask we simply treat it as any other phase-shift mask. Figure 3 shows clear field modeling results for a mask with 230 pm of RSR and perfectly uniform reflectivity. The images show how the phase roughness is transformed to speckle through the imaging process with the contrast of the speckle increasing both as the coherence and defocus are increased. If one then imagines a perfect line space structure overlain on this speckle field, it is evident that speckle-induced intensity variations along the length of the line will lead to LER. 
Aerial image

EXPERIMENTAL EVIDENCE
While modeling and analysis has predicted these effects for several years [2, 3] , hard experimental evidence has been illusive given the statistical nature of LER and the fact that many other contributors to LER exist with the resist being the dominant source. More recently, however, a correlation based measurement has been developed [5] allowing mask sources of LER to be distinguished from resist sources. The method works by recognizing that resist sources of LER will be uncorrelated from exposure to exposure, while mask sources will remain correlated. That is to say that if we perform multiple exposures of the identical and time-invariant imperfections on the mask, the LER coming from the resist will be different for each exposure whereas the LER coming from the mask will be the same since it results from the same line on the mask. Figure 4 shows three separate exposures of a specific line on the mask. The imaging was performed using the SEMATECH Berkeley microfield exposure tool (BMET) [6, 7] which has a NA of 0.3. The illumination setting is 
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Pixel # 1400 monopole with σ = 0.05 and the wafer was intentionally positioned 100 nm out of focus. The high coherence and large defocus were selected to accentuate multilayer roughness effects on the printed LER. Figure 5 shows a plot of the extracted line edge data [8] for the lower edge in the three independent images. A significant level of correlation is evident directly from the plot.
Using the line-edge data we find the average correlation to be 61%. Noting that the total LER for this single edge is 4.3 nm on average, the correlated LER magnitude can be found to be 3.4 ± 0.2 nm [5] . The correlated LER is the full LER multiplied by the square root of the correlation. The uncertainty arises from the limited extent of the correlation measurement relative to the bandwidth of the roughness.
Next we compare the measured correlated LER to the predicted mask-induced LER under the same exposure conditions and the BMET mask parameters reported in the literature [4] . Figure 6 shows the computed binarized aerial image. The average LER measured from all the edges contained in the image is 3.0 nm, very close to the measured correlated LER.
The measurements were repeated with lower coherence annular illumination and at best focus to minimize multilayer roughness effects yielding a measured correlation of 35% and a correlated LER magnitude of 2.0 ± 0.3 nm. Modeling under the same conditions yields a predicted mask-induced LER magnitude of 1.4 nm.
The results show that mask effects on the printed LER are indeed measurable. Moreover, the measured correlated LER is in good agreement with predicted mask-induced LER values. The response of the correlated LER to coherence and defocus further suggest that RSR is a significant contributor. 
IMPLICATIONS ON FUTURE MASK REQUIREMENTS
The large magnitude of the mask-induced LER determined from exposures on the BMET raises the question of what mask specification will be required in terms of mask LER and RSR to meet wafer-plane LER targets at the 22 and 16-nm half pitch nodes. We address this question by way of modeling. A full description of the modeling approach used can be found in Ref. [4] .
A. Modeling Assumptions
For the 22-nm half-pitch case, we assumed a NA of 0.32 and disk illumination with a σ of 0.5. For 16-nm half pitch, we consider two different optic configurations: first is 0.32 NA and quadrupole illumination with a pole offset of 0.66 and a pole radius of 0.1, and second is 0.42 NA with annular illumination with an inner σ of 0.4 and an outer σ of 0.6. In all cases we assume the optics to be aberration free. Note that, as with defocus, any appreciable level of aberration will exacerbate the speckle-induced LER problem.
For the mask LWR we assume the magnitudes as currently specified in the International Technology Roadmap for Semiconductors (ITRS) [9] ( Table 1) . We further assume the spectral characteristics of the LER to match what was observed with the current BMET mask and shown in Fig. 7 . The correlation length is 19 nm and the roughness exponent is 0.7. We note that image-plane scaling is used in the plot and for the reported metrics and a 4× magnification is assumed. Recall that the LTF considered in Fig. 2 had a cutoff frequency of approximately 25 μm -1 , which is slightly more restrictive than mask LER bandwidth. For the RSR we use the PSD shape in Fig. 8 [4] and consider magnitudes ranging from 46 pm to 230 pm. We note that 230 pm is the RSR value for the current SEMATECH Berkeley mask. The correlation length of the roughness on the mask is approximately 125 nm. This correlation length is expected to be a result of the filtering provided by the multilayer discussed above.
Finally, for the image-plane LWR limit, we again turn to the ITRS which sets the LWR limit to 8% of the CD (Table 2) . We then set the mask-induced LWR limit such that it accounts for 10% of the total LWR when added in quadrature with the resist term. 
B. Impact of mask LER
We begin by considering the effect of the mask absorber LER alone. Figure 9 shows the image plane LWR through focus for the three different optical configurations. In general, we see the expected approximately 4× reduction in LWR. Note that for the resolution enhancing illumination cases which provide improved depth of focus, we observe very little dependence of LWR on defocus. Although the absolute LWR values are small, they are not insignificant when compared to the mask-induced LWR limit in Table 2 . The two different mask sources of LWR, however, can be assumed to be uncorrelated and thus will add in quadrature. 
C. Impact of mask RSR
Next we consider the effect of RSR, starting with the 22-nm half-pitch node case. Figure 10 shows the computed LWR as a function of defocus for various RSR magnitudes. The impact of RSR is shown to be much stronger than what was found for the mask absorber LER. This is true even for the smallest value considered. Also shown in the plot is the computed normalized image log slope (NILS) used to determine the ideal depth of focus (DOF) based on a minimum NILS of 1. To determine the RSR limit, we set the RSR-limited DOF to 70% of the ideal DOF. For the case in Fig. 10 , the ideal DOF is 185 nm and thus we require the RSR-limited DOF to be 130 nm. From Table 2 , the mask-induced LWR limit is 0.7 nm and we find the maximum tolerable RSR magnitude to be 46 pm. Any greater RSR magnitude would lead to LWR values exceeding the 0.7-nm limit within the target DOF.
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RMS surface roughness (pm) Table 3 . The table includes both values based on RSR alone as well as with the simultaneous inclusion of mask absorber LER. We determined the total mask induced LWR by quadrature addition of the two individual results instead of doing the modeling with a mask simultaneously including both effects. Note that previous work [4] has shown this method to be viable.
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3D MASK EFFECTS
As described in Ref. [4] , modeling of the mask-LER effects uses a two-dimensional single surface approximation [10] . Full three-dimensional modeling of the area required to adequately capture the RSR and LER statistics is not feasible due to memory constraints. The extreme sensitivity of the RSR to focus, however, raises concerns about potential offsets in focus between the multilayer phase structure and the absorber structure is forced to zero for the two-dimensional case.
To study this potential problem we use three-dimensional analysis separately on an absorber structure and isolated phase bump and dent defects. The modeling is performed using Panoramic EM Suite software [11] .
We begin by considering the optimal focal position for the absorber structure relative to the top surface of the Ru capped multilayer. The absorber stack is 70-nm thick (15 nm of TaON underneath 55 nm of TaBN). We define optimal focus as the point of highest contrast. Table 4 shows the resulting focus for the various conditions considered above.
Configuration
Absorber focus (nm)
22-nm, 0.32 NA 12
16-nm, 0.32 NA 7
16-nm, 0.42 NA 7
Next we consider phase structures. To avoid memory problems, we model isolated Gaussian bump and dent structures in lieu of modeling a full random roughness surface. We set the width of the bump and dent to match the characteristic width (correlation length) of the roughness and the height to 3 nm. Figure 13 shows the computed aerial image through focus for the 22-nm configuration. The top row of images shows the bump and the bottom row shows the dent. The labels below the images represent the defocus in nm in wafer space. The goal here is to find the focus condition corresponding to minimal image contrast. Both cases have a 20-nm focus offset relative to the top surface of the multilayer, but in opposite directions for bump and dent structures, respectively. Thus, on average, the minimum contrast focus for the phase structure is 0 and we take this to also be the focus of minimum contrast for a random surface. We note that similar results are obtained for the other two optical configurations. Now the total focus offset between maximized absorber pattern contrast and minimized phase structure contrast is simply the absorber focus offset shown in Table 4 . The focus offset is found to be small enough to have negligible effect on the results summarized in Table 3 .
REFRACTIVE ROUGHNESS EFFECTS
In addition to the RSR discussed above, another possible source of phase roughness would be through roughening of the multilayer capping material or rough growth of contamination on the surface of the multilayer. The phase is much less susceptible to this type of roughness since it arises from refraction instead of reflective path length differences and most materials are very weakly phase shifting at EUV wavelengths. To estimate the importance of this effect, we consider the impact carbon contamination on the mask might have in terms of phase-roughness induced LER.
The magnitude of the roughness one might expect from carbon contamination was determined by analyzing a carbon contaminated multilayer mirror. The total contamination thickness was approximately 20 nm and the rms roughness was approximately 0.5 nm. Based on the complex index of refraction of carbon, such a layer would yield a round-trip reflectivity loss of 25% and a round trip rms phase roughness of 1°. Even at this unacceptably large throughput loss, the induced phase roughness is equivalent to only 20 pm of RSR. Figure 14 shows the resulting LWR for this level of phase roughness. Fig. 13 . Aerial image modeling of phase bump (top row) and dent (bottom row) defects for the 22-nm optical configuration. The labels below the images represent the defocus in nm in wafer space. For both cases, the point of minimum contrast (circled) is a 20-nm focus offset relative to the top surface of the multilayer, but in opposite directions for bump and dent structures, respectively. Thus, on average, the minimum contrast focus for the phase structure is 0 and we take this to also be the focus of minimum contrast for a random surface. Finally we consider a roughened Ru capping layer. Ru is 43% more phase shifting than carbon thus 1 nm of roughness would correspond to 2.9° of phase and 57 pm of RSR. It is evident that in order for the Ru roughness to be insignificant it needs to be on the order of 0.35 nm or smaller.
SUMMARY
Mask effects have been found to play a significant role in image plane LER performance. The most important source appears to be replicated surface roughness (RSR). Modeling shows that RSR will need to be on the order of 50 pm or smaller to meet the 22 and 16-nm node LER targets assuming that current mask absorber LER targets are achieved. Analysis also shows that capping layer roughness could be a concern; however, tolerances for this roughness are nearly an order of magnitude larger than for RSR.
